In working out a realistic long-term scenario for the operational conditions for the innermost silicon layers, it is usually assumed that the upper safe margin for the reverse bias voltage is around 200V. Lifetime of the detectors, and consequently total cost of the tracker are directly related to this value. Using pixel test structures, manufactured by CSEM in the same technology as DELPHI pixel detectors, we performed a study of maximum tolerable bias voltages on nonirradiated detectors, and on detectors which h a v e received dierent uences of pions, protons and neutrons. A special test was also done with detectors, continuously irradiated on a testbench with a Sr-source, at a rate about 13 krad/hour.
Introduction
Extensive studies have been made by several groups [1, 2 , 3 ] i n t h e e v aluation of the radiation doses expected in the Si detector layers in particular layouts, for realistic LHC luminosity schedules, and in measuring the eects of such doses on detector performance. Leakage current damage constants and eective impurity concentrations as a function of integrated uence in beams of dierent particles (n; p and ) h a v e been measured with good precision. Together with annealing and reverse annealing eects, which have been studied at dierent temperatures, they permitted prediction of the global characteristics (leakage current and full depletion voltage) of the Si detectors throughout the long-term operational scenario at LHC [4, 5 , 6 , 7 , 8 ] .
It has been shown that cooling down the detectors reduces considerably the resultant depletion voltage after 10 years of operation. Nevertheless, some short heatings-up to room temperature for maintenance and repair are unavoidable, and this can considerably increase the nal depletion voltage. For example, in a realistic scenario for pixel layers with maintenance at 20 C of one month peryear at low luminosity and one mont h p e r 2 y ears -at high luminosity, the depletion voltage surpasses 400V, even for 150m thick detectors. If this voltage cannot be tolerated by the detectors, they have t o be operated in a non-fully depleted mode, leading to partial loss of the signal. Therefore, it is important to understand if the maximum tolerable reverse bias voltage after 10 year of operation will still ensure good detector performance in terms of eciency and S/N ratio.
Though the initial breakdown voltage of nonirradiated detectors is very high, it is determined mainly by the layout and the charge distribution near the surface. The breakdown near the surface occurs at a bias voltage, which is lower than the breakdown voltage in the bulk and can vary signicantly under irradiation. Some groups have reported observation of "microdischarges" [9] and excess noise [10] at rather low reverse bias voltages in Si microstrip detectors, which h a v e received relatively small ionization doses.
Therefore we have performed a special study of pre-and post-irradiation breakdown and noise characteristics of the pixel test structures with several guard-ring congurations.
Detector Layout and Irradiation Conditions
Test structures were fabricated by CSEM (Neuchatel) on 300 m high resistivity n-type substrate on the same wafers as DELPHI pixel detectors [11] . The layout of a test structure is shown schematically in Figure 1 . On a surface of about 4:6x5:5mm 2 , i t c o n tains 16 pixel elements of various sizes, surrounded by individual guard-rings. Two large groups of pixels are in addition surrounded by external guard-rings, which are close to the scribe lines; metallized surfaces over-lap implantation zones by 10m. The pixels of "DELPHI-type" 330x330m 2 were used for breakdown and noise studies. Two t ypes of structures were available -300 and 165 m thick, but only the thick ones have been irradiated.
In the period June-July 1994 irradiations of test-structures were performed in the following beams:
-neutrons with average kinetic energy of 6. The same kind of measurements were performed with irradiated detectors. For this purpose they were taken out of the refrigerator and kept at room temperature for a period necessary for the measurements. The summary of all measurements for the detectors irradiated with dierent particles is represented by curves in Figure 2 .
With the common starting point of 820V (external guard-ring being oating in all cases), there are quite dierent tendencies observed in dierent groups: while neutrons somehow "harden" breakdown properties of the detectors, irradiation by pions noticably degrades them; the eects of protons being somewhat intermediate. Such kind of behaviour well agrees with the assumed surface nature of the breakdown eects. The inuence of temperature during irradiation on the breakdown voltage was checked on the proton-irradiated samples. Figure 3 demonstrates that breakdown voltage for the detectors kept in a cool-box (+5 C) during irradiation is systematically slightly lower than that for the detectors irradiated at room temperature. 
Measurement of Noise on Irradiated Detectors
Pulses produced by electrons from a Sr-source in nonirradiated detectors, and several detectors irradiated by neutrons and pions, were measured with a chain of ampliers having total equivalent noise of about 800 electrons. Therefore, only noise well above this level was considered signicant, and was studied as a function of irradiation dose and reverse bias voltage.
The main components of the system were: LeCroy c harge -sensitive amplier HQV-820M; wide-band amplier PHILLIPS SCIENTIFIC 6954 and the timing lter amplier ORTEC-474 (shaping time set to 20 nsec). Pulseheight spectra were measured by LeCroy ADC 2259B; pulses and noise were also observed directly on a fast digital scope. The detector under study was put between the Sr-source and a scintillation counter which provided a trigger in coincidence with the signal, produced by pixel itself over a certain threshold (slightly above the system noise). Noise studies were performed in self-triggered mode.
The spectrum of noise in the system and a typical MIP-spectrum from a single pixel (see Fig.1 ), which were measured separately, are superimposed in Figure 4 . The whole surface of the detector (all diodes and guard-rings, except for the outer one) had the same potential during the measurements. The lower wing of the Landau curve is destorted by pulses produced by particles crossing between the pixel and the guard-ring, which should not be taken for the noise. The lower edge of the MIP-spectrum indicates the discriminator threshold, which w as set at a level of about 3 times the total noise of the electronic system for detector noise studies.
The detector noise appears at relatively high bias and is visible in Figure  5 as an excess on the left side of the curve, going down exponentially towards higher amplitudes and overlapping to a large extent with the MIP-spectrum. Curves presented in Figure 4 and Figure 5 were measured on a single pixel of a non-irradiated detector and correspond to bias voltages of 770V (Fig.4) and 860V (Fig.5) . In this case the noise threshold voltage well matches with the breakdown (820V), which is not the case for detectors, irradiated with ionizing particles. The noise rate and spectrum are not correlated with the presence of the Sr-source (in all cases).
In the detectors irradiated with ionizing particles, noise appeares at lower voltages, depending on the dose; its ampiltude and rate grow slowly with increase of the bias voltage until a real breakdown occurs. It is clearly visible on the scope in random trigger mode as fast sporadic pulses, which appear at a certain threshold voltage and have sometimes an amplitude comparable with The threshold voltage, at which the noise appears, can be well determined both from the rise in the RMS-amplitude of the pulses observed on the scope in random trigger and from the shape of a MIP-spectrum. This voltage was measured for several detectors at room and low ( 5 C ) temperatures in dierent guard-ring congurations. It was found that the noise threshold voltage is very high (around 1000V, like the breakdown voltage) for neutron-irradiated saples and about 390V -for pion-irradiated ones, independent of uence. The last value is twice higher than that observed on the Sr-irradiated test-structures, which received about 10 times less dose, but were measured just after irradiation.
Results, obtained from dierent test-structures before and after their irradiation by a Sr-source up to 1 Mrad; by pions up to 6:7 10 13 and 1:3 10 14 cm 2 and by neutron uences of 0:86 10 14 and 2:72 10 14 cm 2 , can be summarized as follows: -the noise threshold voltage is not correlated with detector leakage current; These observations suggest that the noise is due to surface eects and therefore is determined mainly by ionizing damage. In order to study the eect more accurately as a function of ionizing doses, bench irradiations of two detectors with a Sr-source and their periodical characterization were performed in the lab. Initially the noise appeared at 500V in one detector and at 700V -in the other one (external guard-ring was oating in both cases). This dierence can be explained by some small initial doses already recieved by these detectors in earlier tests. This threshold was periodically remeasured in the course of irradiation at a rate of 12.7 krad/hour up to the maximal dose of 1 Mrad. All measured points are put on the plot shown in Figure 6 . Local bumps reect dierent short tests during irradiation (switching o the bias or changing polarity), but the general trend of exponential fall is obvious; this could explain the fact that the excess noise observed by CDF [10] appeared at relatively low doses. At doses of about 1 Mrad, the noise appears at a voltage of about 200V. Since it was not observed below this voltage in the detectors irradiated by pions and protons up to much higher doses (10 Mrad), which w ere measured 1-2 months after irradiation, it is possible that due to oxide charge saturation (which i s k n o wn to occur around 3 10 12 cm 2 ) and annealing eects, degradation could stop at such v alues. It was noticed that even a short interruption of the bias or polarity i n v ersion brings the noise threshold up by 50-60V, but it cures the problem only for a short time: degradation after that goes faster until the points fall on the same curve. Neither cooling the detector down to 5 C, nor heating it up to 100 C (for one hour), changed the result.
Conclusions
A series of breakdown and noise measurements was made on similar (produced together on the same wafer) pixel test-structures before and after irradiation in neutron, proton and pion beams. It was observed that the breakdown (i.e. steep increase of current-voltage characteristic) occurs at relatively high reverse bias voltages (about 800V for nonirradiated detectors and about 600V in the worst case of pion-irradiated ones). From this point of view a safety margin dened for operation at LHC could be rather high.
Nevertheless, there are other eects, most likely of surface nature, which impose more severe upper limits on the bias voltage. Excess noise, which has been also observed by other groups, appeares at voltages much l o w er than the breakdown voltage. Detailed studies of this noise in dierent conditions on the detectors irradiated in dierent beams to various uences and by Sr-source point to its surface origin. Therefore, even relatively small doses of ionization can considerably degrade the performance of detectors, fabricated in conventional technology. Standard high-resistivity n-type detectors with usual guard-ring conguration can be operated at 200V maximum after having received ionizing dose of 1 Mrad. Hopefully due to saturation of the surface charge and selfannealing, further degradation does not occur far beyond such doses. The fact that the breakdown does not depend on the detector thickness also favours its reduction, but one should also take i n to account the detector noise in calculating S/N ratio. To extend the limits for operating voltage and therefore prolong lifetime of pixel detectors in heavy radiation environment, special care should be taken in design of layout and guarding structure (see for example [12, 1 3 ] ).
